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Abstract
Identifying and prioritising mine sites for remediation is challenging due to inherently complex hydrological systems and 
multiple potential sources of mine pollution dispersed across watersheds. Understanding mine pollution dynamics in wet 
temperate watersheds is particularly challenging due to substantial variability in precipitation and streamflows, which increase 
the importance of diffuse sources. A tracer dilution and synoptic sampling experiment was conducted in a mined watershed 
in Scotland to identify the main sources of mine pollution, the relative importance of point and diffuse sources of pollution, 
and the potential benefits of mine site remediation to stream water quality. Using high spatial resolution metal loading data-
sets, the major Zn and Cd source areas were identified as point sources of mine water predominantly located in the upper 
part of the watershed. In contrast, the main sources of Pb were diffuse sources of mine tailings and wastes located in the 
lower part of the watershed. In the latter case, mobilisation of Pb occurred primarily from a section of braided wetland and 
an uncapped tailings area. Importantly, diffuse sources of mine pollution were found to be the dominant source of Pb, and 
an important source of Zn and Cd, even under steady-state streamflow conditions. Mass balance calculations suggest that 
treatment of the main mine water sources in the upper watershed and capping of the tailings deposit in the lower watershed 
could reduce stream trace metal concentrations by approximately 70%. These data support the development of conceptual 
models of mine pollution dynamics in wet temperate watersheds. These conceptual models are important as they: (1) help 
prioritise those mine sites and features for remediation that will deliver the most environmental and socio-economic benefit, 
and; (2) provide a means to quantify the importance of diffuse pollution sources that may increase in importance in the future 
as a result of changes in precipitation patterns in temperate watersheds.
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Introduction
Many years of metal mining in the United Kingdom (UK) 
has left behind many kilometres of abandoned underground 
mines and substantial quantities of waste that can contami-
nate watercourses (Byrne et al. 2012; Jarvis and Mayes 
2012). Contamination from abandoned metal mines is rec-
ognised as a major cause of failure to achieve environmen-
tal objectives set out in statutory River Basin Management 
Plans (DEFRA 2014; Jarvis and Mayes 2012). As such, 
identification and remediation of mine pollution sources is 
one of the major challenges facing environmental managers 
in the UK.
With multiple potential sources of pollution across a 
watershed and the often extensive nature of historical mining 
operations, the task of identifying and quantifying sources 
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of mine pollution is complex (Byrne et al. 2012). Whilst 
point sources of mine pollution (e.g. drainage from adits and 
shafts) are generally easily identified and quantified, there is 
currently no systematic approach in the UK for identifying 
diffuse sources of mine pollution (e.g. surface mine waste 
drainage, groundwater efflux, hyporheic zone mobilisation) 
or for discriminating the relative importance of point and dif-
fuse sources at the river watershed scale (Mayes et al. 2009). 
Diffuse sources of mine pollution are particularly problem-
atic in the UK due to the temperate-oceanic climate, which 
drives substantial variability in precipitation and river and 
stream flows (Jarvis et al. 2019). Recognising the limitations 
of existing methodologies, a major recommendation of the 
UK’s Department for Environment, Food and Rural Affairs 
(Defra) Prioritisation of abandoned non-coal mine impacts 
on the environment project was to develop methodologies 
for systematic scoping of river watersheds affected by mine 
pollution for more informed decision-making (Jarvis and 
Mayes 2012).
The tracer dilution and synoptic sampling approach for 
source apportionment of mine pollution was developed by 
the US Geological Survey (USGS) and has been extensively 
used in the USA to inform mine site remediation under the 
Abandoned Mine Lands Initiative (Kimball et al. 2002; Run-
kel et al. 2017; Walton-Day et al. 2007). It uses high spa-
tial resolution synchronous (or synoptic) water quality and 
flow measurements at multiple stream and inflow locations 
across a watershed to provide spatially detailed assessments 
of pollutant fluxes. Flow is measured using a conservative 
tracer (typically sodium bromide or lithium chloride) that is 
injected into the stream above the mine workings at a con-
stant rate and concentration. Over time, all portions of the 
stream (including the hyporheic zone) become fully mixed 
with the tracer to reach a plateau concentration. Decreases 
in tracer plateau concentrations with distance downstream 
reflect dilution by point and diffuse source inflows of water, 
whether they be surface or groundwater. The advantage over 
typical methods of streamflow estimation (e.g. velocity-
area, weir, gulp-injection, acoustic doppler velocimetry) is 
that flow measurements are based on dilution of a tracer 
that is fully mixed in the stream (including the hyporheic 
zone). Physical flow measurements in high-energy mountain 
streams are compromised by irregular stream cross-sections 
(velocity-area method) and failure to capture hyporheic flow 
(weir and gulp-injection methods), potentially leading to sig-
nificant errors in flow estimates. In addition, when stream-
flow is quantified by tracer concentration, there is no need to 
measure flow at each location and therefore, sampling effort 
per location is substantially reduced. This allows sampling 
at many more locations and over a much larger area for the 
same effort, thereby increasing both accuracy and detail of 
metal loading estimates for decision-making purposes. The 
results provide greater spatial coverage, better resolution 
(samples are closer together), and more accurate streamflow 
(and therefore metal-loading) estimates, allowing discrimi-
nation and quantification of point and diffuse source inputs 
for remediation decision-making.
The tracer dilution and synoptic sampling method has 
previously been applied principally in arid settings where 
watershed wetness and streamflows are generally low (pre-
cipitation / potential evapotranspitraion (P/PET ≤ 0.03 to 
0.2; Zhou et al. 2015) and point sources of mine pollution 
typically dominate watershed metal loading (De Giudici 
et al. 2019; Runkel et al. 2013). There is therefore a real pau-
city of information on metal sources and transport dynamics 
in wetter climates such as the UK where higher watershed 
wetness (P/PET ≥ 1; Zhou et al. 2015) and greater hydro-
logical connectivity (between the watershed and the stream) 
increases the importance of diffuse sources of mine pollu-
tion. Recognising the challenges of identifying sources of 
mine pollution in temperate-oceanic watersheds, this work 
sought to demonstrate the tracer dilution and synoptic sam-
pling methodology in an exemplar temperate study site in 
Scotland. Understanding mine pollution dynamics in tem-
perate watersheds is also important as projected changes 
in precipitation patterns due to climate change will likely 
modify sources and transport processes (Byrne et al. 2020). 
Our specific objectives were to: (1) locate and rank the prin-
cipal sources of mine pollution in the study watershed; (2) 
discriminate the relative importance of point and diffuse 
sources of mine pollution under steady-state flow conditions, 
and; (3) estimate potential improvements in stream water 
quality following hypothetical mine site remediation sce-
narios. Ultimately, this work improves our understanding of 
mine pollution dynamics in wet, temperate watersheds and 
provides the scientific evidence to better inform decisions on 
mine site remediation in these environments.
Methodology
Study Area
Due to the presence of significant and accessible galena 
and sphalerite veins in the surrounding rock formations, the 
villages of Leadhills and Wanlockhead are well known for 
being the centre of lead production in Scotland for many 
hundreds of years. Wanlockhead is situated in the southern 
uplands terrane, a glaciated landscape comprising the Kirk-
colm Formation (sandstones and siltstones), Crawford Group 
(mudstones, cherts and lava flows), Moffat Shale Group 
(dark mudstones), and the Portpatrick Formation (volcani-
clastic greywacke sandstones) (Floyd 2003). The primary 
ore mineralisation is related to the Caledonian Orogeny 
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resulting in polymetallic hydrothermal veins predominantly 
of metal sulphides including galena (PbS) and sphalerite 
(ZnS). These are mainly located within the Portpatrick For-
mation with some localised extension into the Kirkcolm For-
mation. The mineral veins generally trend north-northwest 
to south-southeast.
The Wanlock Water rises to the east of the village of 
Wanlockhead at an elevation of ≈ 435 mAOD. From there, 
the river flows ≈ 8 km to the confluence with the Crawick 
Water, in the catchment of the River Nith. The study area 
encompasses a 2 km long section of the Wanlock Water 
below Wanlockhead (Fig. 1). Within this study area, the 
major tributary and mine water inflows are the Bay Mine 
Adit, Whyte’s Cleuch, Glenglass Stream, Glenglass Level, 
Limpen Burn, Shieling Burn, Glenmarchhope Burn and 
Sowen Burn (The Coal Authority 2014, Scottish Environ-
ment Protection Agency (SEPA) 2011). The wider landscape 
in the study area comprises upper moorland with steep 
slopes rising to 588 mAOD. Annual rainfall exceeds 1500 
mm  a−1 (Rowan et al. 1995).
Tracer Injection and Synoptic Sampling
Metal loads were quantified under steady-state flow condi-
tions using the tracer-dilution (to estimate streamflow) and 
synoptic sampling method (Byrne et al. 2017; Runkel et al. 
2013). Sampling was undertaken under ≈ Q30 flow condi-
tions based on scaling by SEPA from Hall Bridge gauging 
stations on the River Nith downstream of the study site.
Sodium bromide (NaBr) was used as a tracer in this study 
due to its known conservative behaviour in circumneutral 
stream water (Dzombak and Morel 1990). A continuous 
NaBr injection (40,000 mg  L− 1 at 152 mL  min− 1) was ini-
tiated in the Bay Mine Adit discharge (WW-0000-INJ in 
Fig. 1) at 15:45 on 9 Sept. 2019. The injection was termi-
nated at 16:10 on 13 Sept. 2019 following completion of 
the synoptic sampling. It should be noted that the injection 
site was on the Bay Mine Adit inflow to the Wanlock Water. 
Approximately 50 m upstream of the Bay Mine Adit inflow, 
the Wanlock Water was dry due to loss of surface water 
to the underground mine workings and/or the stream bed 
Fig. 1  Stream and inflow sample sites. Numbers associated with samples represent the distance (in metres) below the tracer injection point 
(WW-0000-INJ)
 Mine Water and the Environment
1 3
and, for this reason, the Bay Mine Adit is represented as 
the start of the study reach in the preceding analyses and 
interpretations.
Synoptic samples were collected at 21 stream sites, 17 
inflow sites, and one mine water site (Fig. 1, Supplemental 
Table S-1) on the morning of 13 Sept. when tracer con-
centrations had reached a steady-state plateau. Inflow sites 
included visible tributary-type inflows and more ill-defined 
flows such as riparian seeps and springs. Samples were 
transported to a central processing site within minutes of 
collection. On-site processing included filtration (0.45 μm), 
measurement of pH and specific conductivity, and preserva-
tion of samples for metals analysis. Anion concentrations 
were determined from filtered, unacidified samples by ion 
chromatography and are reported in Table S-2. Aliquots for 
cation analysis were acidified to pH < 2 with ultrapure 1 % 
 HNO3 v/v. Total recoverable and filtered (some colloidal 
material may have passed through the 0.45 μm filter) cation 
concentrations were determined from unfiltered and filtered 
samples, respectively, by inductively coupled plasma–mass 
spectroscopy (ICP-MS). Trace element concentrations are 
reported for Al, As, Ca, Cd, Cu, Cr, Fe, K, Mg, Mn, Na, Ni, 
Pb, and Zn (Tables S-2, S-3 and S-4). Alkalinity was deter-
mined from filtered, unacidified samples. Anion concentra-
tions are reported for Cl, Br, and  SO4 (Table S-2).
While most metal results for trace metals were within 
the laboratory accreditation limits, the Zn analysis reported 
apparent inaccuracies with filtered data noted to have signifi-
cantly higher (25% to > 100%) concentrations than the total 
recoverable data. This issue was specific to the Zn data and 
is considered to be a result of the on-site filtering process. 
As Zn exists almost exclusively in the dissolved phase in 
the Wanlock Water, total recoverable Zn concentrations are 
considered a good proxy for dissolved concentrations, and 
therefore total recoverable Zn is referred to as ‘dissolved’ 
from here onwards (see Supplmentary Information).
Estimating Streamflow
Decreases in the concentrations of tracer plateau concentra-
tions with distance downstream reflect dilution of the tracer 
as surface and/or subsurface drainage results in increases 
in streamflow. Streamflow estimation at each synoptic site 
relates the injected tracer characteristic to the observed dilu-
tion (Kimball et al. 2002) (Eq. 1):
 where  QINJ is the injection rate,  CINJ is the tracer injectate 
concentration,  CP is the tracer plateau concentration at the 




in the stream water. Streamflow estimates and observed 
tracer dilution are illustrated in Fig. 2.
Loading Analysis and Source Apportionment
The study reach was divided into 20 segments demarcated 
by the 21 stream synoptic sampling sites. Metal loads were 
calculated as the product of the streamflow estimate and the 
metal concentration (Table S-5). Cumulative instream load 
is equal to the sum of all increases in metal load (Kimball 
et al. 2002). For a given stream segment, the cumulative 
instream load is increased if the metal load increased, and 
held constant if the metal load decreased. The cumulative 
instream load provides an estimate of the total metal load 
added to the stream over the entire study reach whereas the 
instream metal load represents the net amount of loading 
after chemical reactions such as adsorption and precipita-
tion. A net increase in cumulative instream load suggests 
addition of metal mass to the stream. The percent contribu-
tion of each source is given by (Eq. 2):
 where Δload is the within-segment increase, and L1 and 
L2 are the cumulative instream loads at the upstream and 
downstream ends of the study reach, respectively. Percent 
contributions from multiple segments were grouped to rep-
resent the total contributions from the main source areas 
within Wanlock Water. Comparison of cumulative instream 
load with instream load provides a means of estimating net 
attenuation of metals over the length of the study reach.
Where stream segments show an increase in metal load, 
calculation of ‘effective inflow concentrations’ provides a 
means to determine if an observed inflow is representative 
of all inflow waters entering the segment (Kimball et al. 
2002). If observed inflow concentrations exceed effective 
inflow concentrations, there are likely more dilute inflow 
waters entering the stream segment in addition to the sam-
pled inflow, or there is some attenuation occurring in that 
reach. Conversely, high concentration waters are entering the 
stream segment when effective inflow concentrations exceed 
observed inflow concentrations. Under the assumption of 
conservative solute transport, effective inflow concentrations 
 (CL) can be calculated as (Eq. 3):
 where Q is discharge, C is concentration, and U, D, and L 
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Results and Discussion
Streamflow, pH, and Metal Concentrations
Streamflow increased with distance downstream from 
≈ 137 L  s− 1 just downstream of the tracer injection site on 
the Bay Mine Adit to ≈ 270 L  s− 1 downstream of Sowen 
Burn at the end of the study reach (Fig. 2a). The Wanlock 
Water upstream of the Bay Mine Adit accounted for just 5% 
of the increase in streamflow along the reach. Four major 
inflows accounted for 56% of the increase in streamflow 
in the study reach at the time of sampling. These were the 
Meadowfoot Adit (RBI-0412) and Glenglass Level no. 2 
(LBI-0411) (12.3%), Limpen Burn (RBI-0597) (16.8%), 
Shieling Burn (LBI-0794) including unsampled inflows 
from the braided wetland area (18%), and Glenmarchhope 
Burn (LBI-1465) (9.4%). Minor inflows (≈ 5% contribution 
or less) included Whytes Cleuch (RBI-0080), Glenglass 
Stream (LBI-0154), Glenglass Level (LBI-0496), Sowen 
Burn (RBI-1667), and various drainages from the crushing 
mill (RBI-1046) and Queensbury tailings pond (LBI-1364; 
LBI-1407; LBI-1437). Together, stream segments with sam-
pled inflows comprised 88% of the total flow measured in the 
stream, indicating some unidentified or unknown dispersed 
surface and / or subsurface water inputs entering the stream 
in segments with no sampled inflows.
Spatial profiles of pH for stream sites and inflows are 
illustrated in Fig. 2b. Stream pH values ranged from 7.4 to 
7.7 with higher values generally occurring at sites opposite 
the Glencrieff tailings pond (≈ 150 to 600 m below the injec-
tion site). Inflow pH values were typically lower than the 
stream values (range = 6.6–7.9) and possibly represent lower 
pH water sources from mine workings and organic-rich and 
saturated soils.
In this discussion of metal concentrations and loads, we 
focus on three metals (Pb, Zn, and Cd) that fail environ-
mental quality standards (EQS) in the Wanlock Water. We 
discuss dissolved Cd data only due to the close correspond-
ence between total recoverable and dissolved concentrations. 
As a result of the issues with Zn analysis noted already, total 
recoverable concentrations of Zn are presented but referred 
to as dissolved concentrations. Lastly, total recoverable and 
dissolved concentrations of Pb are presented due to the 
large difference observed between fractions for this metal. 
Instream dissolved Zn, Pb, and Cd concentrations exceeded 
EQS (annual average for Cd = 0.09 µg  L− 1, based on hard-
ness of 50–100 mg  L− 1  CaCO3; Pb and Zn are based on bio-
availability and calculated by SEPA as Pb = 1.2 µg  L− 1 and 
Fig. 2  a Spatial profile of 
bromide concentrations and 
streamflow (derived from 
the tracer-dilution method). 
b Spatial profile of pH at stream 
and inflow sites. Location of 
major inflows indicated with 
vertical dashed lines. Shaded 
areas = braided wetland 
(~ 600–900 m) and Queensbury 
Tailings Pond (~ 1300–1450 m)
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Zn = 11.3 µg  L− 1) for the entirety of the study reach (Fig. 3). 
Mean dissolved concentrations of these contaminants over 
the 2 km study reach were (Pb) 8.2 µg  L− 1 (range = 1.0–24 µg 
 L− 1), (Zn) 217 µg  L− 1 (range = 102–300 µg  L− 1), and (Cd) 
2.4 µg  L− 1 (range = 1.4–3.1 µg  L− 1). Lead concentrations 
generally increased with distance downstream. Superim-
posed on this trend were marked increases associated with 
the braided wetland area (≈ 600 to 900 m) and the Queens-
bury tailings pond (≈ 1300 to 1400 m). This pattern was 
particularly evident for total recoverable concentrations 
but was also found in the dissolved concentration data. The 
increase associated with the wetland does not appear to be 
related to Shieling Burn and instead is thought to be due to 
other unsampled inflows and / or resuspension of Pb-rich 
sediments in the wetland area. The increase in Pb concentra-
tions next to the Queensbury tailings pond corresponded to 
very high total and dissolved concentrations in the left bank 
inflows (LBI-1364; LBI-1407; LBI-1437) draining this area.
As the injection site was located on the Bay Mine Adit 
it can be seen that the concentration of Zn and Cd were 
elevated well above environmental standards at the start of 
the study reach. A substantial increase in both Zn and Cd 
concentrations occurred between ≈ 400 and 600 m (Fig. 3) 
and appeared to be associated with left bank inflows (LBI-
0411-Glenglass Level no. 2 and LBI-0496-Glenglass Level) 
draining the Glencrieff tailings pond. A slight decrease in 
Zn and Cd concentrations occurred at ≈ 600 m, possibly due 
to dilution by water from Limpen Burn. A further increase 
in stream concentrations occurred next to the Queensbury 
tailings pond and appeared to be associated with left bank 
inflows (LBI-1364; LBI-1407; LBI-1437) draining this area. 
However, calculation of effective inflow concentrations for 
Fig. 4  Spatial profiles of total a and dissolved b cumulative instream 
and instream lead loads, and dissolved cumulative instream and 
instream zinc c  and cadmium loads d. Location of major inflows 
indicated with vertical dashed lines. Shaded areas = braided wetland 
(~ 600–900 m) and Queensbury Tailings Pond (~ 1300–1450 m). Blue 
arrow indicates the total attenuation [%] of metal contaminants over 
the study reach due to physical and chemical processes
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the two reaches receiving these three inflows (WW-1328 
to WW-1394 and WW-1394 to WW-1456) indicates a sub-
stantial proportion of the change in stream concentrations 
(> 90% Zn and Cd) was due to unsampled, possibly diffuse 
subsurface, inflows. Although substantial attenuation of Pb 
occurred throughout the study reach, elevated Zn and Cd 
concentrations were maintained throughout the study reach 
due to the general conservative behaviour of these elements 
at circumneutral pH (Byrne et al. 2012; Gozzard et al. 2011; 
Hermann and Neumann-Mahlkau 1985).
Spatial Pattern in Metal Loading
Changes in metal loads in each stream segment obtained 
from synoptic sampling of water chemistry and tracer-
derived streamflow are illustrated in Fig. 4 and Table S-5. 
Spatial loading profiles for total recoverable Pb loads indi-
cate that two stream segments, ending at 919 and 1394 m, 
accounted for most of the stream loading (36 and 35%, 
respectively) (Fig. 4a). These two segments capture the 
braided wetland area and some of the drainage (LBI-1364) 
from the Queensbury tailings pond. Other important (> 5% 
contribution) sources of total recoverable Pb were the seg-
ments ending at 516 m (which receives the Glenglass Level 
inflow (LBI-0496)) and at 1733 m (which receives drainage 
from Sowen Burn (RBI-1667) and possibly the smelter). 
The loading profile for dissolved Pb (Fig. 4b) attributes 
48% of the loading to the segment capturing the braided 
wetland area and 17% of loading to the segment capturing 
Sowen Burn and the smelter. Other important (> 5% contri-
bution) sources of dissolved Pb were the segments ending 
at 1197 m (downstream of the crushing mill), and 1394 and 
1456 m (both receiving drainage from the Queensbury tail-
ings pond). The relative importance of Shieling Burn vs. 
unsampled inflows in the braided wetland area warrants 
investigation, as does the importance of Sowen Burn vs. 
unsampled inflows that may drain the old smelter site. How-
ever, effective inflow concentrations cannot be calculated for 
Pb due to its non-conservative behaviour in the study reach. 
That being said, the low concentrations of Pb (Tables S-3 
and S-4) observed in Shieling Burn (LBI-0794) suggest that 
most of the loading in this stream segment was derived from 
mobilisation of Pb from sediment deposited in the wetland, 
rather than from Shieling Burn. In contrast, relatively high 
Pb concentrations (Tables S-3 and S-4) in Sowen Burn (RBI-
1667) may indicate this inflow drains mine waste materials 
associated with the smelter, though it is unlikely that this 
inflow alone accounts for the observed increase in loading 
in the segment ending at 1733 m.
The spatial loading profile for dissolved Zn (Fig. 4c) 
illustrates that the stream segment ending at 49 m (the first 
synoptic sample site located at Bay Mine Adit) contrib-
uted 18% of Zn stream loading and was the starting load at 
the upstream end of the study reach. The second and third 
largest sources were the stream segments ending at 430 
and 516 m, contributing 18 and 16% of stream Zn load-
ing, respectively. These two stream segments encompass 
inflows from the Meadowfoot Adit/Glenglass Level no. 2 
(LBI-0411 and RBI-0412) and the Glenglass Level (LBI-
0496), respectively. A very similar pattern of stream loading 
was evident for dissolved Cd (Fig. 4d). The Bay Mine Adit 
was the principal source, accounting for 26% of stream Cd 
loading. The segments ending at 430 and 516 m contributed 
19 and 15% of stream Cd loading, respectively.
The difference between the instream metal load and the 
cumulative instream metal load at the last synoptic sample 
site (WW-1733) can be used to quantify the attenuation 
that occurred along the study reach. Attenuation of total 
and dissolved Pb was 72 and 52%, respectively, indicat-
ing both physical (settling) and chemical (adsorption and 
precipitation) processes were important in the removal of 
Pb from the water column. Attenuation of dissolved Zn 
and Cd over the entire length of the study reach was 11 
and 5%, respectively, indicating that these metals behaved 
more conservatively in the study reach, with most of the 
Zn and Cd that entered the stream over the study reach 
being transported downstream of the last synoptic sam-
ple site. The only substantial zone of Zn attenuation (7%) 
was in the stream segment ending at 141 m. This segment 
receives surface inflow from Whyte’s Cleuch (RBI-0080) 
on the right bank. The pH of this inflow was 7.8, which 
may account for Zn sorption and/or precipitation at this 
point. Whytes Cleuch is known to be dry in periods with-
out rainfall and attenuation of Zn may only be intermit-
tent as a result. Geochemical modelling could potentially 
confirm the mechanisms of attenuation here.
Major Source Areas
If one or more adjacent stream segments showed an 
increase in load, these segments were grouped to indi-
cate loading from a major source area, which may corre-
spond to a particular mine site or landscape feature. Seven 
major source areas were identified this way (Fig.  5). 
The largest source area for total recoverable Pb was the 
Queensbury tailings ponds (39%) (including three left 
bank inflows: LBI-1364, LBI-1407, and LBI-1465). The 
second and third largest source areas were the braided 
wetland area (including Shieling Burn: LBI-0794) (36%) 
and the stream segment ending at 1733 m (10%), includ-
ing Sowen Burn (RBI-1667) and most likely diffuse 
drainage subsurface from the smelter. The largest source 
area for dissolved Pb was the braided wetland (48%), fol-
lowed by the Queensbury tailings ponds (22%), and the 
stream segment ending at 1733 m (17%). The braided 
wetland area most likely functions as a depositional area 
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for aqueous and particulate Pb during low flows, as has 
been observed elsewhere for Pb (De Giudici et al. 2017) 
and other metals (Dean et al. 2013). The wetland area 
may also be contaminated from wastes deposited during 
the operational period of the mines. The dominance of 
the particulate phase during sampling suggests that Pb 
mobilisation and transport from the wetland is related to 
high stream velocities that mobilise streambed sediments 
(Palumbo-Roe et al. 2012). However, the increase in dis-
solved Pb may be related to complexation with dissolved 
and/or colloidal organic matter, which has been shown to 
account for Pb in dissolved (i.e. < 0.45 μm filtered) frac-
tions (Aiken et al. 2011; Chen et al. 2018). Unfortunately, 
dissolved organic matter (DOM) was not measured as part 
of this study so we cannot confirm this hypothesis; how-
ever, it is reasonable to assume elevated DOM concentra-
tions were present where the stream passes through the 
wetland area. At the Queensbury tailings ponds and the 
Sowen Burn/smelter source areas, mobilisation of Pb is 
probably related to physical erosion and runoff of tailings 
Fig. 5  Percent contribution and location of source areas to overall 
metal loads within the Wanlock Water study reach. a Location of the 
main source areas within the study reach. b Dissolved (Pb, Zn, Cd) 
and total recoverable (Pb) loading from the main source areas. D dis-
solved load and T total recoverable load in the bar chart legends
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during wet periods (Byrne et al. 2013) as well as leaching 
of streamside waste materials and subsequent emergence 
in the stream as diffuse subsurface drainage (Lynch et al. 
2017, 2018).
The two largest source areas for dissolved Zn were the 
Bay Mine adit (18%) and the stream segment including the 
Meadowfoot Adit and Glenglass Level no. 2 (18%). The third 
most important source area was the Glenglass Level (16%). 
The fourth most important source area was the Queensbury 
tailings ponds (13%). The Wanlock Water upstream of the 
Bay Mine adit was the fifth most important source area 
(9%). This is important as the Wanlock Water upstream of 
the Bay Mine adit (LBI-0053) was largely dry during our 
sampling campaign (stream water was lost to ground a few 
metres downstream of our sample point). The increase in Zn 
load noted between WW-0049 and WW-0066 was therefore 
likely to be related to stream water and/or groundwater from 
further upstream in the Wanlock Water that had infiltrated 
mined strata and re-emerged in this stream segment.
The major source areas for dissolved Cd were the same 
as for dissolved Zn, which reflects the underlying geochemi-
cal similarity of these elements. The largest source area for 
dissolved Cd was the Bay Mine Adit (26%). The second and 
third largest source areas were the stream segments includ-
ing the Meadowfoot adit and Glenglass Level no. 2 (19%), 
and the Glenglass Level (14%). Similar to Zn, a fourth major 
source area was the Queensbury tailings pond (14%). As 
discussed previously, the Zn and Cd concentrations meas-
ured in inflows draining the Queensbury tailings ponds 
cannot account for the observed changes in stream Zn and 
Cd concentrations along these tailings ponds. Calculation 
of effective inflow concentrations for the stream segments 
receiving these inflows indicates unsampled high Zn and 
Cd concentration (> 90% Zn and Cd was unsampled) water 
was entering the stream here. This is conjectured to be dif-
fuse subsurface inflow and very small surface water inflows 
from this feature.
Point vs. Diffuse Source Contributions
Consideration of the relative importance of diffuse and point 
sources of mine pollution is necessary to inform the design 
of remedial solutions and to evaluate potential changes in the 
location and magnitude of sources under different stream-
flow conditions.
Point sources identified in the study area included drain-
age from mine adits and levels. An important source of metal 
loading was also water originating from the upper Wanlock 
Water (LBI-0053) above the Bay Mine adit. Diffuse sources 
identified in the study area included erosion of mine tail-
ings/waste, remobilisation of mine waste deposited in the 
wetland area, and subsurface drainage of tailings/waste (as 
demonstrated by effective inflow concentrations of Zn and 
Cd for the stream segments next to the Queensbury tailings 
ponds). These findings are important as they demonstrate 
that diffuse sources, typically thought to be related to rainfall 
runoff events (Byrne et al. 2013; Jarvis et al. 2019), can also 
be important sources at the watershed-scale under steady 
flow conditions in a temperate watershed. Other poten-
tial diffuse sources in our study reach include the hypor-
heic zone, where remobilisation of sediment-bound metals 
to dissolved phases has been established in other studies 
(Palumbo-Roe et al. 2012). Diffuse sources can be both per-
sistent and episodic in nature and can vary in importance in 
response to rainfall and streamflow. For example, drainage 
from the Queensbury tailings ponds might be expected to 
increase in importance as a source during periods of high 
rainfall, when erosion and runoff rates may be greatest (Goz-
zard et al. 2011; Jarvis et al. 2019; Onnis et al. 2018). The 
mode of entry to the stream channel could be via a complex 
combination of episodic point and diffuse source inflows. 
Conversely, subsurface water contaminated by leaching from 
mine tailings, such as that which may exist where the stream 
passes the Queensbury tailings ponds, may be more persis-
tent in temperate watersheds.
Figure 6 compares cumulative instream metal loads and 
the cumulative loads from point sources (mine water) and 
diffuse sources (mine waste) of mine pollution, based on 
the results of this study. For this analysis, diffuse sources 
include the braided wetland area, the Queensbury tailings 
pond, and stream segments with no observed inflows but 
where metal load increased. Point sources include all iden-
tified mine water (adit) and tributary inflows. This analysis 
indicates the dominance of point sources of dissolved Zn 
and Cd (67 and 75%, respectively) in the upper part of the 
study area (above ≈ 516 m) where mine water discharges 
are important. Diffuse sources of total and dissolved Pb (78 
and 74%, respectively), and to a lesser extent Zn and Cd 
(33 and 25%, respectively), are most important in the lower 
part of the study area (below ≈ 516 m) where mobilisation 
in the braided wetland area and drainage from the uncapped 
Queensbury tailings ponds increase stream metal loading.
This study was conducted under estimated Q30 stream-
flow conditions based on scaling from a downstream gauge 
on the River Nith. As far as the authors are aware, this is the 
highest steady-state streamflow for which high spatial reso-
lution stream metal loadings have been determined. Even 
so, it is worth noting that mining-affected watersheds are 
hydrologically-complex systems and that changes in rain-
fall, runoff, and streamflow could change the location and 
importance of the identified mine pollution sources (Goz-
zard et al. 2011; Pietroń et al. 2017; Thornton and Walsh 
2001). However, based on the preceding analyses, variability 
in mine pollution sources and stream metal loading due to 
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Fig. 6  Spatial profiles of cumu-
lative instream loads (total, 
diffuse source and point source) 
for a total recoverable lead, 
b dissolved lead, c dissolved 
zinc and d dissolved cadmium
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rainfall runoff events may be greatest in the lower part of the 
study area where surface mine wastes and potential diffuse 
sources of metals are present.
Implications for Remediation
The effect on stream metal concentrations of treating mine 
water inflows or minimising mine tailings erosion can be 
estimated using mass balance calculations. For Zn and Cd, 
which appear to behave relatively conservatively in the study 
reach, this method can approximate concentration changes 
from remediation reasonably well. For Pb, this approach may 
be limited due to the reactive behaviour of this element in 
the system under study. To investigate the potential effect of 
remediation on stream Pb concentrations, the use of a reac-
tive solute transport model that incorporates geochemical 
processes such as adsorption, precipitation, and dissolution 
is recommended (Runkel 1998; Walton-Day et al. 2012).
We consider here five possible remediation scenarios to 
reduce Zn and Cd concentrations in the Wanlock Water: 
treatment of mine water from the (1) Bay Mine adit, (2) 
Glenglass Level, (3) Glenglass Level no. 2, (4) capping 
and revegetation of the Queensbury tailings pond to reduce 
surface erosion and subsurface leaching, and (5) capping 
of the Queensbury tailings pond and treatment of all three 
major mine water sources. Remediation of Pb sources is 
not considered due to the aforementioned problems with 
using the mass balance approach for this element. Effec-
tive inflow concentrations calculated for Zn and Cd for 
the stream segment encompassing Glenglass Level no. 2 
(and the Meadowfoot Adit) indicate inflow concentrations 
from the Glenglass Level no. 2 are most responsible for the 
observed increase in loading along this stream segment. As 
a result, treatment of water from Meadowfoot Adit is not 
considered here.
A post-remediation load at the end of the study reach 
(WW-1733) can be calculated by subtracting the load attrib-
uted to the remediated source area from the pre-remediation 
load at the end of the study reach. Dividing this by the flow 
at the end of the study reach gives a post-remediation metal 
concentration. All remediation scenario calculations are 
shown in Table 1. It must be noted that the mass balance 
calculations assume that remediation removes 100 % of the 
metal contaminants from the source area, which is unlikely, 
and that it does not modify the flow attributed to that zone.
Notwithstanding the remediation scenarios being based 
only on Q30 flow conditions, it can be seen that the different 
remediation scenarios could achieve quite variable decreases 
in Zn (12–75%) and Cd (18–77%) concentrations, with the 
greatest improvement achieved under scenario #5 where all 
major sources are considered. However, even under scenario 
#5, the Wanlock Water is unlikely to meet EQS at the end of 
the study reach. Some degree of dilution will occur however 
before the Wanlock Water flows into the Crawick Water, 
which could improve water quality for affected downstream 
rivers, the Crawick Water (Cd and Zn failure), and the River 
Nith (Cd failure).
Although remediation of Pb sources has not been con-
sidered here, it is likely that capping of the Queensbury 
tailings pond would significantly reduce erosion and 
Table 1  Potential improvements in filtered Zn and Cd in the Wanlock Water under different hypothetical remediation scenarios
Pre-remediation and post-remediation calculations are for the last synoptic sampling point (WW-1733)
Scenario #1 Scenario #2 Scenario #3 Scenario #4 Scenario #5
Dissolved Zn
 Environmental Quality Standard [µg  L−1] 11.3 11.3 11.3 11.3 11.3 
 Pre-remediation concentration [µg L−1] 273 273 273 273 273 
 Pre- remediation load [mg  s−1] 73.8 73.8 73.8 73.8 73.8
 Load from source [mg  s−1] 15.0 13.6 15.1 13.1 56.7
 Post- remediation load [mg  s−1] 58.8 60.2 58.7 60.6 17.0
 Post-remediation concentration [µg L−1] 217.6 222.8 217.2 224.4 63.0 
Concentration change post-remediation [%] 28 15 20 12 75 
Dissolved Cd
 Environmental Quality Standard [µg/L] 0.09 0.09 0.09 0.09 0.09 
 Pre-remediation concentration [µg L−1] 2.88 2.88 2.88 2.88 2.88 
 Pre- remediation load [mg  s−1] 0.788 0.788 0.788 0.788 0.788
 Load from source [mg  s−1] 0.216 0.120 0.154 0.097 0.586
 Post- remediation load [mg  s−1] 0.563 0.658 0.625 0.681 0.192
 Post-remediation concentration [µg L−1] 2.08 2.43 2.31 2.52 0.71 
 Concentration change post-remediation [%] 20 18 20 18 77 
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transport of Pb to the stream, and hence reduce stream Pb 
concentrations (e.g. Edwards et al. 2016). The role of the 
braided wetland area (the main source of Pb) in stream 
metal loading warrants further investigation as it is possi-
ble that this is an episodic source related to higher stream 
water velocities and flows that mobilise deposited Pb-rich 
sediments and soils.
Conclusions
A tracer injection and synoptic sampling experiment was 
conducted in a 2 km reach of the Wanlock Water, Scotland, 
in September 2019 to investigate mine pollution sources 
and dynamics at high spatial resolution in a wet, temperate 
watershed. While the largest sources of dissolved Zn and 
Cd were point sources (drainage adits) in the upper part of 
the study area, the largest sources of total recoverable and 
dissolved Pb were diffuse sources (a braided wetland area 
and the Queensbury tailings pond) in the lower part of the 
study reach. These data are important as they suggest that 
diffuse sources of mine pollution (i.e. surface and subsurface 
drainage from tailings/wastes) may be relatively persistent in 
wet, temperate watersheds and not simply related to episodic 
and short-term rainfall-runoff events. Furthermore, mass 
balance calculations, using the high spatial metal loading 
datasets, suggest treatment of point sources of mine water 
and capping of the Queensbury tailings pond to minimise 
diffuse sources could decrease Zn and Cd concentrations by 
> 70%. Although beneficial, these interventions would not 
be sufficient for the Wanlock Water study reach to meet EQS 
due to other diffuse sources of pollution in the area. How-
ever, remedial interventions could potentially improve river 
systems further downstream, allowing them to meet EQS.
The tracer dilution and synoptic sampling approach used in 
this study were successful at establishing streamflow and water 
chemistry at multiple sites across the Wanlock Water watershed 
over a timescale of a few hours. These data were then used to 
establish high spatial resolution loading profiles for mine pollu-
tion contaminants. These, in turn, were used to locate and quan-
tify the major point and diffuse sources of mine pollution and 
to estimate potential water quality improvements from different 
mine site remediation scenarios. Such data are essential to inform 
remedial approaches aimed at achieving the environmental and 
socio-economic goals set out in watershed management plans.
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